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Neurogenesis is one of the most complex events in embryonic development. However, little information is available regarding the
molecular events that occur during neurogenesis. To identify regulatory genes and underlying mechanisms involved in the differentiation of
embryonic stem (ES) cells to neurons, gene expression profiling was performed using cDNA microarrays. In mouse ES cells, we compared the
gene expression of each differentiated cell stage using a five-stage lineage selection method. Of 10,368 genes, 1633 (16%) known regulatory
genes were differentially expressed at least 2-fold or greater at one or more stages. At stage 3, during which ES cells differentiate into neural
stem cells, modulation of nearly 1000 genes was observed. Most of transcription factors (Otx2, Ebf-3, Ptx3, Sox4, 13, 18, engrailed, Irx2, Pax8,
and Lim3), signaling molecules (Wnt, TGF, and Shh family members), and extracellular matrix/adhesion molecules (collagens, MAPs, and
NCAM) were up-regulated. However, some genes which may play important roles in maintaining the pluripotency of ES cells (Kruppel-like
factor 2, 4, 5, 9, myeloblast oncogene like2, ZFP 57, and Esg-1) were down-regulated. The many genes identified with this approach that are
modulated during neurogenesis will facilitate studies of the mechanisms underlying ES cell differentiation, neural induction, and neurogenesis.
D 2003 Elsevier Inc. All rights reserved.Keywords: ES cells; cDNA microarray; Differentiation; NeurogenesisIntroduction
Mammalian central nervous system (CNS) development is
complex and involves the sequential differentiation of multi-
potent stem cells into many different types of neurons and
glia. It is likely that many genes play important roles in neural
differentiation, patterning, and maturation (Sasai, 1998).
Mouse embryonic stem (ES) cells derived from the
inner cell mass of blastocysts are pluripotent cells which
retain the capacity to self-renew in vitro and to differen-
tiate into the neuroectodermal lineage (Czyz and Wobus,
2001). Knowledge of the biology of ES cells is funda-
mental to understanding neurogenesis and to exploring
their utility for therapeutic treatment of neurodegenerative0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2003.09.041
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E-mail address: yongsung@hanyang.ac.kr (Y.-S. Lee).disorders (Ivanova et al., 2002; Ramalho-Santos et al.,
2002).
To date, the differentiation of ES cells into neural
precursor cells and mature neurons in vitro can be induced
by retinoic acid (RA) treatment (Li et al., 1998), stromal
cell-derived inducing activity (SDIA) method (Kawasaki et
al., 2000), and lineage selection method (Lee et al., 2000),
and has been shown to depend on growth factors, signal-
ing molecules, and extracellular matrix molecules (Czyz
and Wobus, 2001). Some genes that are differentially
expressed during neurogenesis and neuronal differentiation
(Wnt-1, Shh, FGF, TGFb, Ptx3, Otx1, 2, Chordin, Noggin,
Follistatin, Nurr1) have been identified by a variety of
screens (Kim et al, 2002; Lebel et al., 2001; Lee and
Jessell, 1999; Lillien, 1998; Luo et al., 2002; Rubenstein
and Beachy, 1998; Sasai, 1998; Simeone, 1998). However,
the repertoire of genes that are coordinately regulated
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issue, we used gene expression profiling of the neural
progeny of ES cells generated with a five-stage lineage
selection method.Materials and Methods
Cell culture, immunostaining, and total RNA isolation
The differentiation of ES cells was carried out as
described (Lee et al., 2000), except for treatment with
leukemia inhibitory factor (LIF) at stage 2 during embry-
oid bodies (EB) formation. Ascorbic acid (200 AM)
treatment at stages 4 and 5 was used to induce efficient
neuronal differentiation. Undifferentiated (stage 1) R1 ES
cells were grown on gelatin-coated tissue culture plates in
the presence of 1400 units/ml of LIF (Gibco/BRL) in ES
cell medium consisting of knockout Dulbecco’s minimal
essential medium (DMEM; Gibco/BRL) supplemented
with 15% FCS, 100 mM MEM nonessential amino acids,
0.55 mM 2-mercaptoethanol, L-glutamine, and antibiotics
(all from Gibco/BRL). To induce EB formation (stage 2),
the cells were dissociated into a single-cell suspension by
0.05% trypsin and 0.04% EDTA in PBS, and plated ontoTable 1
RT-PCR primer sequences
Gene name Forward
Wnt 5a AATCCACGCTAAGGGTTCCTA
Wnt 7b GGACCACGCTACCTAAGTTCC
frizzled homolog 3 CGTGTTATTGAGGAGGATGGA
GSK 3 beta AGCGATTTAAGAACCGAGAGC
cyclin D1 AGCGATTTAAGAACCGAGAGC
cyclin D2 AGATGGTCAGTGCGACCTCTA
Notch2-like CAGCATCTTCACTCAACAAAGG
Bcl2-like 2(bcl-w) CAGGAACCAGGGTCAGGTTA
ADP-ribosyltransferase 1 TGGTGGAGTACGAGATTGACC
p53 apoptosis effector GGCAGTGTTTCTTCTCAGTGC
Bak GGGAATGCCTACGAACTCTTC
TGF-beta GCAAGGTTGTGAAAACCAGAG
TGF receptor beta2 CTCCATGGCTCTGGTACTCTG
Smad3 TCCTGGCTACCTGAGTGAAGA
BMP1 TGGAGGAGGAGACTGACTGTG
cyclin E CAGTACCCACAGCAGGTCTTC
cyclin A2 AGGGAAGCTTCAGCTTGTAGG
Cdc 2 ACTTGAAAGCGAGGAAGAAGG
Cdc 22 CAGTCACTCCGCTCGAGTAAG
Shh CAAGCTGGTGAAGGACTTACG
Islet-1 TAGATCAGCCTGCTTTTCAGC
Vitronectin ACTCTAAAGCCGACAGCCTTC
paired box gene 6 GGACCACTTCAACAGGACTCA
LIM homeobox protein 3 CCAGAGCAGTACCGAGAGCTA
Nkx 2.2 GGAGGACTCGATCCTTACCAC
CD9 antigen CAGACCAAGAGCATCTTCGAG
ES cell specific gene 1 GGGTGAAAGTTCCTGAAGACC
ZFP 57 ATCACTTGTGCTGCCAAAGAC
Myeloblastosis oncogene CTCAAGCGTGAATACCAGGAG
h-actin CCATCATGAAGTGTGACGTTG
bp, base pair of PCR product.nonadherent bacterial culture dishes at a density of 2–2.5
 104 cells cm2 in the ES cell medium. The EBs were
formed for 4 days and then plated onto adhesive tissue
culture surface in the ES cell medium. After 24 h of
culture, selection of nestin-positive cells (stage 3) was
initiated by replacing the ES cell medium by serum-free
Insulin/Transferrin/Selenium/Fibronectin (ITSFn) medium.
After 6–10 days of selection, cell expansion (stage 4)
was initiated. The cells were dissociated by 0.05% tryp-
sin/0.04% EDTA, and plated on tissue culture plastic or
glass coverslips at a concentration of 1.5–2  105 cells
cm2 in N2 medium and supplemented with 1 Ag/ml of
laminin and 10 ng/ml of bFGF (R&D Systems). Before
cell plating, dishes and coverslips were precoated with
polyornithine (15 mg/ml) and laminin (1 Ag/ml, Becton
Dickinson Labware). Nestin-positive cells were expanded
for 6 days. The medium was changed every 2 days.
Differentiation (stage 5) was induced by removal of
bFGF. The cells were incubated under differentiation
conditions for 6 days.
Immunostaining for h-tubulin type 3 (Tuj1), tyrosine
hydroxylase (TH), and serotonin was carried out as previ-
ously described (Lee et al., 2000).
Total RNA was extracted using Tri-Reagent (MRC)
according to the manufacturer’s instructions.Reverse Bp
CACGTCTTGAGGCTACAGGAG 144
TAGGCTTCTGGTAGCTGCGTA 147
AGAAAGCAGAGCGACAGTGAG 121
CTGTCTCCGGAACATAGTCCA 144
CTGTCTCCGGAACATAGTCCA 136
GGAAGCTAGGAACATGCACAC 149
GCACATGCTTCAGTAAGGTGAA 147
AGGGCAGAACAGGTCACAAC 157
GATTCACTGCTGCCTTGAGAC 124
TCTGCTTACCAAGGAAGACCA 122
ACCACGCTGGTAGACGTACAG 126
TTAGACGGCACGAAGGTACAG 145
TCAGCACACTGTCTTTCATGC 134
GTGACTGGCTGTAGGTCCAAG 132
GTGGAACTTCACCAGGACAGA 146
AGACCTTCTGCATCAACTCCA 145
GTGCTCCATTCTCAGAACCTG 139
CCATGGACAGGAACTCAAAGA 149
CCACATACTTCCTGGCTATGG 147
AGCGTCTCGATCACGTAGAAG 138
TGTTCCTCATGCCTCAATAGG 149
TTTCCACTGCACAGTTCTTCC 146
TTTCCTCTCTCGATCACATGC 137
GACAAGGCTCAAGTTGGTGTC 135
AGTCAATGGAATCTGCCACTC 136
GCACTGGGACTCTTGTACAGC 138
TCCAGGTTCTTCAGCTCAAAC 145
CTTCTCCTCCTGGATTCCATC 151
CGACTCAATCAAGTCCAGAGC 132
GTGCTAGGAGCCAGAGCAGTA 130
Fig. 2. Immunocytochemistry and relative mRNA levels of known neural marker proteins. Neurons with anti-Tuj1, anti-TH, and anti-serotonin antibody (A)
were immunostained at stage 5 (A). Scale bar, 20 Am. To ensure the reliability of microarray data, the relative expression of the indicated neural marker genes
was measured by microarray hybridization (B).
Fig. 1. Representative MA plots comparing stage 1 versus stage 2(a), 3(b), 4(c), 5(d) differentiated ES cells. M represents the log ratio of the two fluorescent
dyes used to label probes, and A represents averaged logarithmic intensity. Broken line represents a 2-fold change.
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Fig. 3. The number of genes altered by more than 2-fold at one or more
differentiation stages. Neurogenesis-modulated genes (1633 genes) were
classified into nine categories by their function. Most of the transcription
factor, signal transduction, and cell adhesion/cytoskeleton genes were found
to be up-regulated in neuronal differentiation.
tal Biology 265 (2004) 491–501Microarray fabrication
A total of 10,368 cDNA clones was spotted onto Super-
Aldehyde slides (Telechem) using a MicroGrid TAS arrayer
(Biorobotics) as previously described (Lee et al, 2002). The
microarray consisted of 6531 clones from the National
Institute of Aging (NIA), 1243 clones from the Brain Mo-
lecular Anatomy Project (BMAP), 2060 clones from Incyte,
and housekeeping genes and yeast DNA as negative controls.
Approximately 9500 genes (91%) were known genes.
Probe preparation and hybridization
Fluorescence (Cy3, Cy5)-labeled cDNA probes were
made from 20 Ag of RNA from undifferentiated ES cells
(stage 1) and 20 Ag of RNA from differentiated cells RNA
(stages 2–5), using an amino-allyl cDNA labeling kit
(Ambion). For each experiment, at least six replicates were
performed, and three of these were repeated with the fluo-
rophores reversed to eliminate false-positive results. Cy3-
and Cy5-labeled probes were mixed with water, 8 Ag pol-
y(dA) (Pharmacia), 4 Ag Escherichia coli tRNA (Sigma), and
10 Ag mouse Cot1 DNA (Gibco/BRL) to a final volume of 60
Al. To this, 60 Al of 2 EasyHyb buffer (U-vision) was added,
and the resulting mixture was incubated at 95jC for 5 min.
Probes were then applied to the array for hybridization at
52jC for 8 h, using a GeneTAG automatic hybridizer
(Genomic Solution). After hybridization, the slides were
washed in 2 SSC and 0.2% SDS at 52jC for 5 min, then
with 0.1 SSC and 0.2% SDS at 52jC for 5 min, and 0.1
SSC for 5 min at room temperature. The slides were dried by
spinning for 3 min.
Scanning and data analysis
The two fluorescent images from each slide were scanned
separately using a GMS 418 scanner (Affymetrix). The
images were analyzed using ImaGene 4.2 (Biodiscovery)
and MAAS (Gaiagene; Kim et al., 2001) software. Cy3:Cy5
intensity ratios from each gene were calculated and subse-
quently normalized to ratios of overall signal intensity from
the corresponding channel in each hybridization. To filter out
unreliable data, spots with signal-to-noise ratios below 2were
not included. We took the median value from the gene
expression ratio of each of six independent experiments and
selected genes whose expression level differed from their
mean expression level by at least 2-fold at one or more stages.
Hierarchical clustering was applied to genes using the Pear-
son correlation coefficient as a measure of similarity and
average linkage clustering, as implemented in the software
program Cluster (M. Eisen; http://www.microarrays.org).
The results were analyzed with TreeView software (M. Eisen;
J.-I. Ahn et al. / Developmen494Fig. 4. Cluster analysis of three functional categories of genes. These genes wer
profiles (A, transcription factors; B, signal transduction; C, cell adhesion/cytoskele
The intensity of red and green color is proportional to the relative gene inductionhttp://www.microarrays.org). Genes showing more than a 2-
fold difference in expression level were divided into catego-
ries according to their molecular function using the classifi-
cation scheme in Gene Ontology.
Reverse transcription (RT)-PCR
Semiquantitative RT-PCR experiments for 30 genes were
performed to confirm the cDNA microarray results. For each
sample from each stage, the same total RNA used for cDNA
microarray hybridization was reverse-transcribed using 1 AM
oligo (dT) primer with Superscript reverse transcriptase
(Gibco/BRL). Each single-stranded cDNA was diluted for
subsequent PCR amplification by monitoring h-actin as a
quantitative internal control. Each PCR reaction was carried
out in a 50-Al volume using each gene-specific primer (Table
1). The thermal profiles consisted of 95jC for 3 min for initial
denaturing, followed by 25–30 cycles of 95jC for 30 s, 58jC
for 30 s, and 72jC for 30 s, using the Perkin-Elmer Cycler
9600 (Perkin-Elmer Applied Biosystems).Results and discussion
Identification of neurogenesis and neural differentiation
responsive genes
To identify differentially expressed genes during neuro-
genesis, gene expression levels inmouse R1 ES cells (stage 1)
were compared with those in differentiated cells (stages 2
to 5). cDNA array analyses revealed a total of 1663 known
genes (16%) of a total of 10,368 arrayed genes to be dif-e clustered hierarchically on the basis of the similarity of their expression
ton). The expression pattern of each gene is displayed as a horizontal strip.
(red) or repression (green). Grey indicates missing data.
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Table 2
The expression of transcription factors coding for different regions of the
brain
Gene Unigene Expression ratio (log2 value) vs. stage 1
name
Stage 2 Stage 3 Stage 4 Stage 5
Forebrain
Pax6 Mm.3608  0.1554 1.526 1.469 0.7927
EMX2 Mm.100800 0.738 0.7834 1.111 0.6362
Fox D1 Mm.27015 0.1955 0.963 1.569 0.6918
Forebrain and midbrain
Otx2 Mm.134516 1.925 0.8095 1.101 1.202
Midbrain and hindbrain
Engrailed 1 Mm.2657 0.155 1.52 2.899 2.582
Irx 2 Mm.28888  0.45 1.918 2.051 1.24
Hindbrain
Pax8 Mm.2533 0.09719 1.034 1.533 1.637
Hox A1 Mm.197  0.058  0.238  0.302  0.102
A2 Mm.131 0.012 0.200  0.077 0.018
A5 Mm.173 0.049 0.135 0.016 0.298
B1 Mm.890  0.336  0.180  0.154  0.073
B3 Mm.4682  0.057 0.616 0.562 0.331
B4 Mm.3546  0.134 0.037 0.066 0.109
B5 Mm.207  0.362 0.214 0.306 0.169
B6 Mm.215  0.266 0.327 0.427 0.348
B9 Mm.255  0.564  0.025  0.054  0.045
C4 Mm.1351  0.054 0.403 0.080 0.416
D1 Mm.4932 0.028 0.244  0.036 0.507
D8 Mm.57123  0.272 0.154 0.033 0.019
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one or more stages. Of these 1663 genes, 35 genes were
up-regulated and 49 genes were down-regulated at stage 2.
The majority of genes (about 1000) were modulated at
stage 3, when ES cells differentiated into nestin positive
cells, and nearly 600 of these genes were up-regulated
(Fig. 1), thus showing completely altered cellular identity
at and after stage 3.
To independently validate the microarray data, immuno-
cytochemical analysis for neural marker (Tuj1, TH, and
serotonin) was carried out. The gene expression ratio of
neuron-specific genes such as nestin, Tuj1, AMPA receptor,
GABA receptor, and TH was firstly analyzed and deter-
mined from microarray data (Figs. 2A, B). This showed that
expression of nestin, which is a neural stem cell marker, was
up-regulated at stage 3, but was repressed after withdrawal
of bFGF. Tuj1, which is a neuronal marker, was induced
from stage 3 to stage 5. AMPA and GABA receptors were
also up-regulated from stage 3 to stage 5. TH, which is a
dopaminergic neuron marker, and the dopamine transporter
were slightly induced at stage 5. These observations are in
good accord with previous data (Guan et al., 2001), and
confirmed that the microarray data were reliable, and that
ES cells were successfully differentiated into neurons using
our culture methods.
Functional categorization of differentially expressed genes
The 1663 genes were classified into nine categories
according to their functional role. The majority of transcrip-
tion factor, signal transduction, and cell adhesion/cytoskel-
eton genes were up-regulated (Fig. 3), whereas DNA
synthesis/DNA repair, protein synthesis/protein modifica-
tion, and cell cycle-related genes were down-regulated (Fig.
3). These observations suggest that transcription factor,
signal transduction, and cell adhesion/cytoskeleton gene
products play major roles in neuronal differentiation. There-
fore, all genes of these three categories were hierarchically
clustered on the basis of the similarity of their expression
pattern (Fig. 4).
Transcription factors and DNA binding
Many transcriptional activators have been implicated in
regulating the spatial expression of genes controlling pattern
formation within the developing embryo (Jessell and Sanes,
2000). Analysis of expression of transcripts coding for
different regions of the brain revealed an activation of genes
specifically observed in midbrain and hindbrain develop-
ment (Table 2). Forebrain specific transcription factors such
as Pax6, EMX2, and FoxD1 were significantly expressed at
stage 4, but were not significantly expressed at stage5. On
the other hand, midbrain and hindbrain specific genes, Otx2,
En1, Irx2, and Pax8, were significantly expressed at both
stage 4 and stage 5. No changes in expression of genes
specific for posterior hindbrain such as Hox clusters (Hox
A1, A2, A5, B1, B3, B4, B5, B6, B9, C4, D1, D8) weredetected. These results implied that the five-stage method
clearly leads to the generation of midbrain and typically
‘anterior’ hindbrain neuronal fate.
Genes encoding bHLH family of transcription factors
have been implicated in the neuronal determination and
differentiation. In vertebrates, several homologs of achaete-
scute complex and atonal genes have been identified, such
as Mash1, ngn/Math4, and Math1. Because our microarrays
do not contain these genes, we cannot assess their expres-
sion patterns. However, another bHLH gene family, the Ebf
(Early B-cell Factor)/Olf (olfactory-neuronal transcription
factor) family, is also involved in neural determination and
differentiation (Garel et al., 1999). We observed that a
member of the Ebf/Olf family, Ebf-3, was up-regulated from
stage 3 to stage 5. This observation is consistent with
previous study showing that Xebf3 is a regulator of neuronal
differentiation during primary neurogenesis in Xenopus
(Pozzoli et al., 2001).
The Ptx3 gene is known to activate the TH promoter
directly via a specific binding site (Lebel et al., 2001). The
expression of Ptx3 was significantly increased at stages 4
and 5. The up-regulation of this gene also suggests that the
five-stage differentiation protocol clearly generates mesen-
cephalic dopaminergic neurons. In addition, members of the
Sox gene family, known to have diverse roles in vertebrate
neuronal differentiation and other aspects of development
(Hargrave et al., 1997), including Sox4 (Kelly and Rizzino,
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stage 5. The expression of LIM homeobox protein 1, which
plays a role in the later specification of sensory neurons of
the CNS (Barnes et al., 1994), and of LIM homeobox protein
3, which plays a role in the specification of motor neuron
and interneuron identity through protein–protein interac-
tions (Thaler et al., 2002), were also up-regulated during this
time. Besides transcription activators, transcription repress-
ors, including hairy/enhancer-of-split related with YRPW
motif 1(Hey1), Id2, Id3, Id4, and Twist, were also up-
regulated during differentiation. The up-regulation of these
genes implies that neuronal differentiation is balanced by
transcription activators and repressors.
The GATA binding protein 4 and 6 genes have been
reported to be inducers of endodermal tissue (Fujikura et al.,
2002) and regulators of cardiac differentiation (Anisimov et
al., 2002) were also up-regulated at stage 3; however, they
were not up-regulated at stages 4 and 5, suggesting that
GATA-4 and -6 are not involved in neurogenesis.Table 3
Gene expression pattern of three signaling pathway molecules
Gene name Unigene Expr
Stag
Wnt signaling (canonical)
frizzled homolog 1 (Drosophila) Mm.246003 0.
frizzled homolog 2 (Drosophila) Mm.36416 0.
Gsk 3 beta Mm.34370 0.
inhibitor of the Dvl and Axin complex Mm.45084 M
cyclin D1 Mm.22288 0.
Wnt signaling (non-canonical)
Wnt 5A Mm.32207 0.
Wnt 7B Mm.4092  0.
frizzled homolog 3 (Drosophila) Mm.43568 0.
cGMP-specific phosphodiesterase 9A Mm.10812 0.
G protein, gamma 10 Mm.41780 0.
G protein, gamma 2 subunit Mm.46767 0.
G protein, beta 4 Mm.9336  0.
G protein, beta 5 Mm.4702 0.
calmodulin 1 Mm.34246 0.
phospholipase C, epsilon 1 Mm.34031 M
protein kinase C, beta Mm.4182  0.
TGF-beta signaling
transforming growth factor, beta 2 Mm.18213 0.
transforming growth factor, beta 3 Mm.1291  0.
TGF, beta receptor I Mm.197552 0.
TGF, beta receptor II Mm.1377  0.
TGF, beta receptor III Mm.200775 0.
bone morphogenetic protein 1 Mm.27757  0.
BMP7 (Rattus norvegicus)  0.
MAD homolog 3 (Drosophila) Mm.7320 0.
inhibitor of DNA binding 2 Mm.1466  0.
inhibitor of DNA binding 3 Mm.110 0.
inhibitor of DNA binding 4 Mm.28223  0.
Shh signaling
Shh Mm.57202 M
Vitronectin Mm.3667 M
Patched Rn.44932  0.On the other hand, transcription factors, such as Oct 3,
ZFP 42, 57, Kruppel-like factor 2, 4, 5, and 9, were down-
regulated during differentiation. Of these, two genes (Oct 3,
ZFP 42) play important roles in maintaining the totipotency
of ES cells (Tanaka et al., 2002). It seems likely that other
repressed transcription factors identified for the first time in
this study would play important roles in maintaining the
totipotency of ES cells.
Signal transduction
Genes participating in several important signaling path-
ways were up-regulated. Specifically, genes involved in
three signaling pathways were up-regulated (Table 3). The
first signaling pathway is Wnt pathway. Wnt proteins control
numerous aspects of development, ranging from stem cell
control to differentiation, and contribute to the specification
of cell fate during development (Willert et al., 2002).
Previous studies showed that Wnt 1 is overexpressed at
stages 3 and 4 (Lee et al., 2000). Though Wnt 1 was notession ratio (log2 value) vs. stage 1
e 2 Stage 3 Stage 4 Stage 5
7301 0.9055 1.127 0.7151
4919 1.119 0.8748 0.645
07671 0.9679 1.083 0.8296
issing 1.966 2.294 2.553
3413 1.397 1.289 0.1833
37 1.822 1.488 1.2
5121 0.7894 2.021 1.565
1081 1.309 1.634 1.547
4744 0.8504 1.187 1.363
4805 0.3592 0.6463 1.214
2658 1.081 1.383 1.46
09218 0.7633 0.8139 1.098
1499 1.25 1.472 1.362
2298 0.7122 1.254 1.416
issing 1.392 2.578 2.729
3412  0.2486 0.0746 1.001
09037 0.9335 1.509 1.332
01436 3.451 3.798 3.567
1534 1.141 1.2 0.6879
06604 1.022 1.843 1.466
4157 0.8209 1.233 0.6532
4917 2.068 1.528 2.089
3558 0.4377 1.256 1.222
2035 0.8555 0.9239 1.014
9002 1.705 1.401 1.381
4589 2.122 3.347 2.236
2746 1.63 2.562 2.89
issing 3.435 3.001 2.827
issing 4.58 5.389 6.001
1907 1.687 1.615 1.145
Fig. 5. Expression patterns of transcripts during neuronal differentiation of ES cells. The expression patterns of transcripts associated with neural differentiation
and function are shown.
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receptor was induced at stage 4. However, this receptor
was not significantly expressed at stage 5. Additionally,
other genes of canonical Wnt-1 signaling pathway (gsk 3
beta, cyclin D1) were also induced at stage 4, but not
induced at stage 5. In contrast, inhibitor of the Dvl and
Axin complex (Idax), which functions as a negative regulator
of the Wnt signaling pathway by directly binding to the
PDZ domain of Dvl (Hino et al., 2001), was progressively
induced at stages 4 and 5. These results imply that Wnt-1
signaling pathway promotes neural stem cell proliferation,
but not neuronal differentiation. Previous study has shown
that expression of Wnt-1 can induce some aspects of early
neural differentiation, but persistent expression perturbs
later differentiation process (Patapoutian and Reichardt,
2000).
In addition to this canonical Wnt pathway, our analysis
also suggests the involvement of non-canonical pathway in
neural differentiation. Activation of the non-canonical Wnt
pathway results in intracellular Ca2+ release and activation
of the Ca2+-sensitive enzymes, Ca2+–calmodulin-depen-
dent protein kinase II and protein kinase C, in a h-
catenin-independent manner. The experimental data also
suggest a requirement for G proteins and PLC in this
pathway. However, the cellular and embryonic responses
of this pathway remain obscure (Kuhl et al., 2000; Wang
and Malbon, 2003). In our microarray, Wnt 5A, Wnt 7B,
and frizzled-3 expressions were up-regulated at stages 3 to5. Other signaling molecules in this pathway, such as
cGMP-specific phosphodiesterase (PDE), G-protein gam-
ma2, 10, beta4, 5, calmodulin 1, PLC, and PKC, were
equally up-regulated at stage 5, in contrast to Wnt-1
pathway molecules which were not induced at stage 5
(Table 3). These observations (Wnt/Ca2+ pathway mole-
cules were induced at stage 5, but Wnt-1 pathway mole-
cules were not induced at stage 5) support previous study
showing that Wnt/Ca2+ pathway interferes with the canon-
ical Wnt-1 pathway (Torres et al., 1996). Interestingly,
recent study showed that Wnt/calcium pathway promotes
ventral cell fate in Xenopus embryos (Saneyoshi et al.,
2002).
The second pathway is TGF-beta pathway. There were
progressive increases in TGF-b2 and -3, which play a role in
cell growth, differentiation, tissue repair, and immune ho-
meostasis (Verrecchia et al, 2001), and in BMP1 and 7,
which are members of the TGF superfamily, as well as in
Smad3 (Table 3). However, BMP4, which is a mesodermal
differentiation inducer (Winnier et al., 1995), and Msx-1 and
-2, which regulate BMP4 (Hollnagel et al, 1999) and were
previously shown to be induced by RA treatment (Kelly and
Rizzino, 2000), were not significantly expressed at stage 2
to stage5. The up-regulation of TGF-beta signaling mole-
cules during neural differentiation was concomitant with
previous study showing that TGF-beta2 and 3 occur in
many populations of postmitotic, differentiating neurons
(Krieglstein et al., 2002).
Fig. 6. Validation of microarray data by RT-PCR. Semiquantitative RT-PCR
(A) was performed to verify the relative mRNA levels of genes measured
by microarray hybridization (B).
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is a member of the hedgehog multigene family that encodes
signaling proteins involved in patterning processes in ver-
tebrate and invertebrate embryos (Zhu et al., 1999) and also
mediates the induction of dopamine-releasing neuron in the
midbrain (Hynes et al., 1995) and serotonergic neurons in
the hindbrain (Ye et al., 1998). The expressions of shh,
vitronectin (shh cofactor), and patched (shh receptor) were
significantly expressed at stage 3 to stage 5 (Table 3).
In addition to these three major signaling pathways,
neuronal differentiation also resulted in the alteration of
the expression of many other signaling molecules. Phos-
pholipase D2 (PLD2), expressed at high levels in ventricular
neural cells as well as in differentiating neurons outside of
the ventricular region (Saito et al, 2000), and PLD 3 were
significantly up-regulated at stage 5.
Kawasaki et al. (2000) reported a SDIA that promotes
neural differentiation of mouse ES cells; however, the
molecular nature of SDIA has not been defined. Interest-
ingly, we found that stromal cell derived factor 1 was up-
regulated at stages 3 to 5. In addition, increased expression
of other growth factor genes, including ciliary neurotropicfactor, placental growth factor, insulin like growth factor 2,
fibroblast growth factor, and mast cell growth factor, was
observed.
There was a sharp increase (3-fold) in the parathyroid
hormone receptor (PHR) gene, which is a receptor for
parathyroid hormone. PHR’s activity would likely be me-
diated by G proteins resulting in activation of adenylyl
cyclase and a phosphatidylinositol–calcium second messen-
ger signaling cascade.
Cell to cell/ECM interaction and cytoskeletal proteins
Many genes related to cell adhesion and cytoskeleton
proteins were up-regulated (Fig. 4C). These expression
changes might be expected as natural consequences of neural
differentiation, and may reflect the appropriate induction of
neurons by the five-stage method employed here.
Increases in the expression of a number of procollagen
gene family members were observed. Among them, procol-
lagen type III alpha, was strongly up-regulated (about 85-
fold) at stage 4. Collagen IVa1, previously reported as a
marker of neural differentiation (Clifford et al., 1996) and a
promoting factor for the differentiation of neuronal progen-
itors (Ali et al., 1998), was also up-regulated. Expression of
some collagens reported to be targets of TGF/Smad family
genes (Verrecchia et al., 2001) were also increased.
Vimentin, which is an intermediate filament protein that
is transiently expressed in all neuronal and glial precursors
during nervous system development (Liu et al., 2002), and
keratin complex 2 gene 6a were up-regulated from stage 3 to
5. However, keratin complex 1 gene 18, which is repressed
at terminal cardiac differentiation (Sekiya et al., 2002), and
keratin complex 2 gene 8 were down-regulated at stages 4
and 5. The decrease of keratin complex 1 gene 18 is in
contrast with previous reports (Kelly and Rizzino, 2000).
We believe that this discrepancy might have been due to the
different differentiation times and methods employed in
each study.
Neural cell adhesion molecule 1 (NCAM), which plays a
role in controlling the proliferation of neural progenitor
cells and directing their differentiation toward a neuronal
fate (Amoureux et al., 2000), was progressively up-regu-
lated from stage 4 to 5. In addition, chondroitin sulfate
proteoglycan 2 and 3 were up-regulated. Through the
SOURCE tool available at http://source.stanford.edu, we
found that these two proteins are highly expressed in
newborn brain.
In addition, there were increases in kinesin gene family
members, and MAP 1, MAP 2, and MAP tau, which are
microtubule-associated proteins. However, a-actinin, myo-
sin light chain 2, trophomyosin 1 and 3, and myosin heavy
polypeptide 8, which are of mesodermal origin, were down-
regulated. The expression of the myosin Vb gene was up-
regulated. The myosin Vb gene was wrongly annotated as a
cytoskeleton gene in GO and in fact was L-glutamate
decarboxylase (GAD), which is a key enzyme in GABA
biosynthesis.
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Most cyclins, except for cyclin D1 and D2, were down-
regulated during neuronal differentiation. In contrast, cyclin-
dependent kinase (CDK) inhibitors, including p18, p35, and
p57, were up-regulated (Fig. 5). The increase and decrease
in expression of these genes reflected G1/S phase exit from
the cell cycle and a reduction in the proliferative capacity of
the differentiated cells.
Protein and DNA synthesis
Genes for ribosomal proteins accounted for the majority
of down-regulated genes related to protein synthesis. In
addition, most heat shock proteins (HSPs) were down-
regulated (Fig. 5), being consistent with previous observa-
tions (Kelly and Rizzino, 2000).
Genes responsible for DNA synthesis (polymerase epsi-
lon, polymerase delta2, ligase I, topoisomerase alpha,
helicase) and repair (mutS homolog 2) were also down-
regulated (Fig. 5). These results implied that DNA and
proteins were actively synthesized in the ES cells.
Apoptosis
Apoptosis is a fundamental and essential process in
development and tissue homeostasis of multicellular organ-
isms. Nearly half of all the neurons produced during neuro-
genesis die apoptotically before the nervous system matures
(Liu and Greene, 2001). In our system, two anti-apoptotic
genes, Bcl-w and Bcl-2, were up-regulated from stage 4 to 5
and at stage 5, respectively. However, Mcl-1, an anti-
apoptotic gene, was down-regulated. Additionally, other
pro-apoptotic genes, such as PARP, Bak, Fas-associated
factor 1(FAF-1), and apoptosis-associated speck-like pro-
tein containing a CARD (ASC), were down-regulated. In
contrast, pro-apoptotic Bad, Nix, and Nip2I genes were up-
regulated. One possible explanation for these results is that
neurogenesis is counterbalanced by an accompanying cell
death in vitro, as in vivo (Biebl et al., 2000).
Validation of microarray data
To further confirm the reliability of the microarray data,
30 genes whose expression was altered by 2-fold were
assayed by semiquantitative RT-PCR. The gene expression
pattern observed by RT-PCR closely paralleled the pattern
observed by microarray (Fig. 6).
In summary, our present work with a comprehensive
cDNA microarray identified alterations in gene expression
during differentiation of ES cells into neurons by a five-
stage lineage selection method. Anisimov et al. (2002)
reported a comprehensive analysis of regulatory genes
involved in cardiac differentiation from embryonic carcino-
ma cells, and Sekiya et al. (2002) reported an analysis of the
genes involved in chondrogenic differentiation from human
adult stem cells. In fact, some studies identified only
responsive genes in ES cells and neural stem cells during
differentiation (Kelly and Rizzino, 2000; Wen et al., 2002)
J.-I. Ahn et al. / Developmen500without further analysis for whether the cells were differen-
tiated into neurons. In these studies, only a small number of
modulated genes were analyzed (<100 genes). However, in
the present study, we found that the expression levels of
1663 genes were modulated during the neurogenic differ-
entiation of ES cells. Grouping of the 1663 genes by
function reveals that transcription factors, signaling mole-
cules, and cytoskeleton/cell adhesion molecules play impor-
tant roles in neuronal differentiation of ES cells. Our
findings will contribute to elucidation of the molecular
mechanisms underlying the neuronal differentiation of
mouse ES cells, and will eventually provide important
insights into the molecular mechanisms underlying the
neuronal differentiation of human ES cells.
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